ABSTRACT A fully electronic time reversal mirror (TRM) system, which can make signal time reversal transformation, is proposed in this paper. The high-order asymmetric all-pass equalizer (APE) is proposed to provide a prescribed group delay for the TRM system. Finally, two APEs are designed to be used in a demonstrated TRM, which has a time duration of 10 ns and a bandwidth of 1 GHz.
I. INTRODUCTION
The concept of time reversal (TR) was proposed in the 1960s [1] . In 1992, TR was introduced in the acoustic field by Fink [2] . The propagation of a TR signal has the simultaneous spatial and temporal focusing (SSTF) characteristic through the random medium. This characteristic gives TR a wide applications in tumor detection, subsurface imaging and so on [3] , [4] .
Microwave TR [5] - [7] has developed quickly in recent years, especially after superresolution focusing of TR electromagnetic waves in the far field was realized [8] , [9] . Microwave TR has excellent characteristics, including that the focal spot is as small as one-thirtieth of a wavelength far below the diffraction limit. Many studies show that the new electromagnetic wave application system based on TR technology can improve wireless communications. For example, in the large capacity telecommunication domain, TR can provide a new approach to solve a series of problems such as the mitigating cochannel interference, mitigating intersymbol interference, etc. Additionally, microwave TR can be applied to the fields of superresolution imaging, high precision localization, and secret communication [10] , [11] .
The device that can realizes the TR transformation of the signal is usually called TRM. It is a key technology in the TR electromagnetic system [12] - [14] . Now the implementation of the TRM in the microwave field mainly relies on the sophisticated AD/DA modules [15] or digital signal processing instruments. This is a costly process. The sampling, storage and TR transformation of the electromagnetic signal can also result in poor real-time ability. Moreover, if the signal has extremely high frequency and too large bandwidth, they are difficult to accomplish.
Temporal imaging (TI) can also be used to achieve TRM. TI is an analog signal process (ASP) [16] technique based on space-time duality and can manipulate waveforms in real time. Mature TI systems have existed in the optic field [17] - [20] . An optical TI is usually composed of input dispersion, output dispersion and a time-lens, which is a device that imparts a quadratic phase to the input signal. When the optical TI system adds the processing of the photoelectric and electro-optic conversion, it can also be applied to the microwave field [21] . However, the total system is expensive and difficult to integrate because the kind of TI system needs a model-locked femtosecond laser. Today, the implementation of fully electric TRM have been an attractive research direction [22] .
The fully electric TI is usually composed of one timelens and two dispersion delay structures (DDS). The timelens, which can perform quadratic phase modulation, can be achieved by mixing the input signal and a linear chirp pulse (LCP). The DDS is the core of the microwave ASP [23] including TI. The DDS of TI has a linear group delay (LGD) which is linear with respect to frequency. The TI bandwidth should be enough wide, therefore the DDS must have enough wide bandwidth. More ever, because the TI duration is proportional to the group delay slope (GDS) of DDS [16] , the DDS need also to have enough high GDS.
The DDS with an LGD can be realized by the chirp delay line, which can have very wide bandwidth (12GHz) [22] , [24] . Its GDS can arrive about 0.8ns/GHz, and the corresponding duration of TI is less than 2ns [22] . Because the DDS is multiple reflection structure, its group delay exhibits undesired ripple resulting bad linearity [25] .
The cascaded couple-line APE (CLAPE) [16] , [25] , [26] is also an implementation method of the DDS. The CLAPE usually adopts the planner structure of microstrip line. The GDS of one CLAPE is low because the planner couple-line is difficult to have tight coupling. In addition, Due to the microstrip line insertion loss, the number of the cascaded CLAPEs cannot be many high. Therefore its GDS is also relatively low. The cascaded CLAPE can have a bandwidth of 4GHz and a GDS of 0.3ns/GHz [25] .
The waveguide APE (WAPE), which has very low insertion loss, is reflection-type APE and cannot be directly cascaded. Reference [23] proposed a symmetric high-order APE with an LGD. All of the DDSs proposed in this reference have very narrow relative bandwidths, which are no more than 5%. In this reference a tenth-order symmetric WAPE based ideal circuit is proposed to provide an LGD, which has a bandwidth of 1GHz, and GDS of 1.5 ns/GHz. This paper proposes an DDS based on an asymmetric highorder reflection-type APE, which is composed of resonators and K-inverters. The resonators of the asymmetric APE have different resonant frequencies. The asymmetric APE can more properly design the DDS with an asymmetric response including LGD than the symmetric APE, just as the asymmetric bandpass filter more properly provides an asymmetric response than the symmetric bandpass filter [27] . When this kind of APE adopts waveguide structure, it has low insertion loss. Section 3 presents two asymmetric 10th-order WAPEs, which have bandwidths of 2GHz and GDSs of 4.4ns/GHz. This article is organized as follows. Section 2 discusses the principle of the TRM and analyzes the TRM performance such as the time duration and bandwidth. Section 3 proposes the implementation of the asymmetric high-order reflection APE. Then, two cases of the APEs with LGDs are represented. A TRM using the two APEs is shown in Section 4. The TRM has a time duration of 10 ns. The workflows of the TRM together with the comparison of the input and output signal are also presented in this section. Section 5 presents the conclusion.
II. TIME REVERSAL MIRROR A. PRINCIPLE
A TRM based on TI is composed of time-lens and DDSs [18] , [19] . The phase shift φ of the dispersion can be expanded in the Taylor series as
where D is the group delay dispersion (GDD), which is equal to −2π times GDS. The group delay is usually represented as τ = −dφ/dω, and the corresponding GDD can be written as
If the DDS is an ideal device of TI, the cubic terms and higher-order terms of the Taylor expansion should be equal to 0; i.e., the group delay of the DDS should be linear with respect to frequency. Because the constant terms and the first terms in (1) do not alter the waveform of the signal, they have been neglected in the TI analysis [18] , [19] . The time-lens in the microwave field can be obtained by a mixer, whose output is equal to the product of its input and an LCP. The LCP can be expressed as
where D f is a constant, and rect(t/ T ) is a rectangular function. It can be written as
The LCP has a time duration of T . When the timebandwidth product of the LCP is much greater than one, its bandwidth can be represented as
The LCP bandwidth can be regarded as the time-lens bandwidth.
If the imaging condition D in = D out = 2D f is met, the input profile f in (t) and output profile f out (t) of the TRM have the relationship shown as
The output f out (t) is the TR replica of input f in (−t).
B. PERFORMANCE PARAMETERS
The time duration of TRM is denoted as T , which is the duration of the LCP. According to (5) and the imaging condition, the duration T and the GDD D in must meet the relationship
Just as the mentioned in Introduction, the TI duration is proportional to the GDS of the GDD.
It is easy to be unnoticed that the TRM bandwidth is limited to the TI resolution. The TI resolution, which has been considered in the optic TI, is usually defined as the shortest transform-limited Gaussian full width at half maximum (FWHM) pulse width and can be represented as [18] 
The TRM bandwidth must be less than this Gaussian pulse bandwidth, which is written as
where B TRM is the TRM bandwidth, and 2ln(2)/π is the time-bandwidth product of the Gaussian pulse.
Putting (8) into (9), it can written as
Therefore, the TRM bandwidth is limited to not only the DDS bandwidth but also the time-lens bandwidth. If the timelens bandwidth has been preset, the input DDS bandwidth need not too wide. It is enough that the former DDS has a bandwidth of B chirp /2. Because the bandwidth of the signal that pass through the output DDS must be within from B chirp to 1.5B chirp . The output DDS bandwidth should be designed within this range.
The ratio between the duration T and the resolution is the maximum number of pulses that can be manipulated by the TRM. It is a key figure of merit (FOM) [18] of TRM and can be expressed as
The time-lens bandwidth B chirp acts very important role in the TRM. The time-lens bandwidth limits the maximum of the TRM bandwidth. In addition it is proportional to the TRM duration and FOM. If the time-lens bandwidth is preset, increasing the TRM duration and FOM needs increasing the GDS of the DDS.
III. IMPLEMENTATION OF THE DDS A. CASCADE COMPOSED OF APES
The WAPE has its low pass prototype as the band pass filter. When the C-section WAPEs have different center frequencies, each of prototypes can be a series structure consisting of an inductor and a frequency-invariant reactance (FIR). The FIR is a virtual component and is used as a mathematics tool in the prototype. Figure 2(a) shows a cascade composed of three C-section WAPE prototypes. Each APE prototype impedance can be written as
where Z i is the impedance of the C-section APE, g i is the inductance value and x i is the reactance value of the FIR. The C-section APE prototype group delay can be obtained by a simple calculation such that
The total group delay τ sum of the cascade can be represented as
When g i and x i are properly chosen, the total group delay τ sum may be an LGD within a certain frequency range, just as shown in Figure 2(b) .
To verify the above analysis, a cascade composed of 10 C-section APE prototypes is proposed. Its group delay is linear with angular frequency from −1 Hz to 1 Hz and it has a GDS of 27s/Hz. If the number of APEs becomes larger, the LGD will have higher GDS or more linearity. It is based on the experience that this case choose 10 APEs. The coming result will show that the error of the group delay is enough little.
When the frequency is equal to −x i /g i , the τ i have the maximum of 2g i . Therefore −x i /g i should be within from −1Hz to 1Hz and g i should be less than the half of the maximum of the prescribed group delay. In the case, g i is less than 27. A group of solutions of g i and x i , which can be achieved by Genetic Algorithm, are shown in Table 1 . The cascade group delay as shown in Figure 3 has good agreement with the prescribed.
This DDS has poor practicality due to the existence of the circulators. Its discussion is ready for the high-order reflection-type APE
B. HIGH-ORDER APE
The cascade composed of APEs can be substituted by the asymmetric high-order reflection-type APE, which is more feasible to provide an LGD. The input impedance of the VOLUME 7, 2019 n-order asymmetric APE can be written as
where P n (ω)and Q n (ω) are n or (n-1) order polynomials, and the coefficients of them are all real numbers. If
it can be validated that
The high-order APE group delay τ h can be calculated with the equation as
The high-order APE group delay τ h can be equal to the group delay τ sum of the cascade composed of C-section APEs.
With the division algorithm, the high-order APE input impedance can be written as
Therefore, the input impedance Z in can be realized by the network shown in Figure 4 (a). The reactance network is just the high-order APE prototype, which is the same as the asymmetric low-pass filter prototype [27] except for the load. The proposed cascade composed of 10 C-section APEs can be equivalent to a 10th-order APE prototype, whose structure is shown in Figure 4(b) . The values of g i and x i can be figured out with (15) and (19) . The 10th-order APE prototype group delay, which is shown in Figure 3 , is identical to the cascade composed of 10 C-section APEs.
The APE prototype can be transformed into the practical APE shown in Figure 4 (b) by frequency transformation, which is similar to the transformation from a low-pass filter prototype to a band pass filter. As an example, the 10th-order APE can be transformed into a practical lumped parameter APE with an LGD from 19GHz to 21GHz. According frequency transformation, the GDS of the practical APE should be equal to 4.4ns/GHz. The practical APE is composed of K-inverters and LC resonator. The resonant frequencies f i of the resonators are different and can be figured out with
where f 0 = 20GHz and f = 2GHz in this example. The parameters K i have been specified as indicated by the equation in Figure 4 . The values of L i are chosen arbitrarily.
The group delay of the practical lumped parameter APE is shown in Figure 5 . 
C. EXAMPLES
An H-plane-iris-couple waveguide APE as shown in Figure 6 (a) can replace the above lumped parameter APE. In this case, the waveguide with a section of 12.954mm × 6.744mm is chosen as the housing waveguide. The inductances irises have 1 mm thickness and 1 mm fillet radius. Its physical map is shown in Figure 6(b) .
In the waveguide APE, the half wavelength waveguide replaces the LC resonator and the iris loaded in the waveguide realizes the K-inverter. The K-inverters dimensions need be computed by the full-wave simulation software. The specific dimensions of the APE are calculated by the K-inverters dimensions and these half of wavelengths. Due to the error of the K-inverters dimensions and the narrow band approximation, the dimensions of the APE need to be further optimized and adjusted.
The final APE dimensions are listed in Table 2 . Its simulated and measured results are shown in Figure 7 . The root mean square error between the measured and prescribed group delay is equal to 0.28, and their correlation coefficient is equal to 0.994. The measured group delay has a good agreement with the prescribed.
Another APE, which has an LGD with a center frequency of 17 GHz, a bandwidth of 2 GHz, and a GDS of 4.4ns/GHz, can also be achieved by the same method. The simulated and measured results are shown in Figure 8 . The root mean square error between the measured and prescribed group delay is equal to 0.23, and their correlation coefficient is equal to 0.996 The measured results of the two APEs will be used in the next section.
IV. THE TRM SYSTEM
A full electric TRM, as depicted in Figure 9 , will be validated by the numerical simulation in this section. The TRM is composed of two mixers, one low-pass filter, one envelope detector and two DDSs. These devices, except for the two DDSs, are ideal devices in the simulation. The group delay of the DDSs is derived from the measured result of the high-order waveguide APE.
The former DDS is cascaded by the two identical APEs shown in Figure 7 . It has a center operating frequency of 20 GHz, a bandwidth of 2 GHz and GDS of approximate 8.8 ns/GHz. The latter DDS consists of two identically cascaded APEs, whose group delay is as shown in Figure 8 . It has a center operating frequency of 17 GHz, a bandwidth of 2 GHz and GDS of approximate 8.8 ns/GHz.
The workflow of the TRM is as follows. The input pulse u in (t) is first modulated by the sine signal of 20 GHz frequency, and the modulated signal u 1 (t) passes through the former DDS. The output of the former DDS, u 2 (t) mixes with a LFM signal, which is represented as
and then passes through a low-pass filter that filters the upper sideband. The output of the filter, u 3 (t) is a pulse with the a center operating frequency of 17 GHz. Next, pulse u 3 (t) passes through the latter DDS. The resulting pulse of the latter DDS is u 4 (t). The pulseu 4 (t) after demodulation becomes u out (t), which is just the time inversion of the input signal u in (t).
The signals of the intermediate nodes are illustrated in Figure 9 . For example, u 1 (t) is a time domain signal The origin input u in (t) and the final output u out (t) are shown as Figure 10 . By correlating the time inversion of the input signal u in (t) with the output u out (t), the correlation coefficient of 0.912 is achieved. A TRM with a band width of 2 GHz and a time duration of 10ns is achieved.
V. CONCLUSION
A practical TRM need to have enough wide bandwidth and enough long duration. It demands that the DDS has enough wide bandwidth and high GDS. The asymmetric reflectiontype APE proposed in this paper can provide an LGD with enough high GDS within a relative wide frequency range. If the order of the APE is increased, the GDS can be more high. The APE is based on the frequency transformation of its low pass prototype. Therefore the narrow bandwidth approximation will limit its relative bandwidth, which is difficult to arrive 50%. Enhancing the APE center frequency is not the best choice. The wideband APE with high GDS is the further research direction. He has authored or coauthored more than 160 technical journals, conference papers, books, and book chapters. His current research interests include temporal imaging, planar antenna and phased arrays, and time reversal electromagnetics.
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